Abstract. Although rainfall is scarce in desert lands of the world, the Otindag Desert in the 7 middle-latitude desert zone of northern China in Northern Hemisphere (NH) is abundant of water 8 resources, mainly groundwater. To gain an insight into the water origin in this desert, stable and 9 radioactive isotopes and major ion hydrochemistry of groundwater, as well as other natural waters 10 including river water, spring water, lake water and precipitation water, were investigated in the eastern 11 part of the Otindag. The results showed that the groundwaters in the Otindag were freshwater (TDS < 12 700 mg/L) and were depleted in δ were characterized by the lower chloride and TDS concentrations, higher tritium contents, higher 22 deuterium excess, and more depleted values of δ 2 H and δ 18
O than those in the SPCSX. The spatial 23 distribution pattern of these environmental parameters indicated a disunity bwteen the hydraulic 24 gradient of groundwater and the isotopic and hydrochemical gradients of groundwater in the eastern 25
Otindag, suggesting that the groundwaters have different recharge sources between the two parts in the 26 study area. However, the groundwaters in the two areas shared a common evaporation line (EL2) in the 27 Craig diagram of δ 2 H and δ 18 O, indicating a genetic relationship in their recharge sources. Combined 28 analysis was further performed using the isotopic and physiochemical data of natural waters collected 29 from the Dali Basin and the surrounding mountains. It indicated that the major recharge sources of the 30 groundwaters in the NPCSX, as well as the river waters and groundwaters in the Dali Basin, were 31 mainly derived from the Daxin'Anling Mountains, by leaking the Xilamulan River water through thick 32 aquifer in the eastern margins of the Otindag. While the groundwaters in the SPCSX were mainly 33 recharged from two sources. One was the flash floods derived from the Yinshan Mountains and the 34 other was the Xilamulun River waters derived from the Daxin'Anlin Mountains. It indicates that the 35 modern indirect recharge mechanism, instead of the direct recharge and the palaeowater recharge, is 36 significant for groudnwater recharge in the eastern Otindag. This suggests that the tectoic settings at a 37 regional scale, but not the climate, was responsible for the groundwater origin in the Otindag. This 38 study provided a new sight into the origin and evolution of groundwater resources in the 39
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Introduction 45
As rainfall events are infrequent in arid and semi-arid regions of the world, surface runoff and 46 related water resources are globally scarce and ephemeral. These areas thus rely heavily on 47 groundwater as the primary water resource to support local ecosystems (Herczeg and Leaney, 2011 ; 48 Scanlon et al., 2006) . It has been widely proved that the origin, quality and quantity of groundwater in 49 arid lands can be deeply influenced by environmental factors/processes, which controlling the 50 groundwater recharge and evolution, such as in the arid lands of northwestern China and Central Asia 51 (Zhu et al., 2015, 2016, 2017) . For this reason these factors/processes become an essential component 52 in the understanding of regional hydrological systems and the management of water resources 53 (Dogramaci et al., 2012) . For example, groundwater recharged by modern precipitation can refill 54 quickly but is vulnerable to contamination by the surface wastes, inversely, groundwater containing 55 mostly ancient water may not recharge to a useful extent over human timescales and cannot be affected 56 by surface waters (Bethke and Johnson, 2008) . Therefore, different strategies on groundwater resources 57 management should be adopted when the different recharge mechanisms of groundwater occurring. 58
In general, groundwater recharge can be broadly classified into two ways, the direct recharge, 59
namely diffuse recharge by native water resources, and the indirect recharge, namely focus recharge by 60 external water resources. The direct recharge is replenished by precipitation infiltration through the 61 unsaturated zone and the indirect recharge is defined as recharge from mappable features such as rivers, 62 canals, and lakes originated from remote areas (Healy, 2010) . It is well known that groundwater 63 recharge can be influenced by environmental factors, including climate change, underlying soil and 64 geology, land cover and population growth, over withdrawal and economic development (Zhu et al., 65 2015, 2017), thus the amount of groundwater in arid and semi-arid regions decrease rapidly while 66 human demands on the limited water resources increase rather than decrease (Ma et al., 2013) . 67
Between environment and groundwater recharge, climate and land cover largely determine 68 precipitation and evapotranspiration, whereas the underlying soil and geology dictate whether a water 69 surplus (precipitation minus evapotranspiration) can be transmitted and stored in the subsurface 70 (Giordano, 2009; Doll, 2009 ). Modelled estimates of diffuse recharge globally (Doll and Fiedler, 2008 ; 71 Wada et al., 2010) range from 13,000 to 15,000 km 3 /yr, equivalent to ~30% of the world's renewable 72 freshwater resources (Doll, 2009 ) or a mean per capita groundwater recharge of 2100 to 2500 m 3 /yr. 73
These estimates represent potential recharge fluxes as they are based on a water surplus rather than 74 measured contributions to aquifers. Furthermore, these modelled global recharge fluxes do not include 75 focused recharge, which, in semi-arid and arid environments, can be substantial (Scanlon et al., 2006 ; 76
Favreau et al., 2009). For keeping sustainable management of water resources, it requires urgently to 77
understand both diffuse and focused recharge and meet both human and ecosystem needs in arid areas 78 of the world, particularly in Central Asia and Northern China. 79
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-71 Manuscript under review for journal Hydrol. Earth Syst. Sci. KMnO4, were distilled to remove any impurities. In order to increase the tritium concentration to an 200 easily measurable level, electrolytic enrichment was applied (Kaufman, 1954; Baeza et al., 1999) . 250 201 ml previously distilled sample with 2.5 g NaOH was then put to the electrolysis apparatus containing 202 electrolytic cells with co-axial stainless steel electrodes. Electrolysis was carried out until the volume 203 of electrolyte was reduced to 8 ml and all runs were performed at a temperature of 2-5 °C to prevent 204 the loss of tritiated water molecules by evaporation. After electrolysis CO 2 was bubbled through the 205 cell to neutralize the water because the medium in which the electrolysis took place earlier is alkaline. 206
The water sample was separated from the electrolyte by distilling. The pretreated samples were 207 measured by a low-level background liquid scintillation counter (Quantulus 1220-003) according to the 208 manufacturer's guidelines. The error bar of the measurement should be < ±3%. The tritium data of 209 several groundwater samples collected in this study had been partially mentioned by Yang et al. (2015) 210 as one of the supplementary meterials. It was systematically discussed in this study. 211 212
Results 213
The analytical data of the physiochemical parameters and the stable and radioactive isotopes of 214 the water samples collected in this study were listed in Tables 1, 2 The pH values of the water samples studied varied from 6.26 to 9.44 (except sample p1, 219 precipitation, 4.61) (Table 1 ) with a median value of 7.27, indicating that the waters are generally 220 neutral to slightly alkaline. The TDS ranged between 67 mg/L and 660 mg/L (average 211 mg/L) 221 (Table 1) , all belonging to fresh water (TDS < 1000 mg/L) in the salination classification of natural 222 water (Meybeck, 2004) . 223
The variations in ion concentrations of the major cations and anions in the studied water samples 224 were displayed in a Schoeller diagram (Schoeller, 1955) , a fingerprint diagram with a semi-logarithm 225 of y-axis (Fig. 3) . In general, the groundwater samples had the highest concentrations of cations and 226
anions while the precipitation sample (p1) had the lowest concentrations, and the lake, river and spring 227 waters had the medium values. The calcium concentration was the highest in cations in almost all of the 228 water samples, and the HCO 3 +CO 3 concentration (bicarbonate + carbonate, alkalinity) was the highest 229 in anions in most of the water samples, except for several groundwater samples (g3, g4, g5, g6 and g11) 230 and one of the spring sample (s1) and the precipitation sample (p1), which had the higher SO 4 231 concentrations than the alkalinity (Fig. 3) . 232
The relative differences in abundance of ion concentrations between different waters can be 233 detectable in a Piper diagram (Piper, 1944) . The water samples studied can be classified into two water 234 types in the Piper diagram (Fig. 4) , type I, the Ca-HCO 3 water, which generally represents the typical 235 bicarbonate water experienced near-surface mineral weathering, and type II, the Ca/Mg-SO 4 water, 236 which indicates saline water dominated by alkaline earth metals (Zhu et al., 2011 (Zhu et al., , 2012 Clark, 2015) . 237
For water type I, the weak acids exceeded the strong acids; the carbonate hardness (secondary 238 alkalinity) exceeded 50% and was dominated by the alkaline earths. While for water Type II, the strong 239 acids exceeded the weak acids and no carbonate hardness exceeded 50%. The alkaline earths (Ca+Mg) 240 exceeded the alkalis (Na+K) in all the water samples studied. There were no any Cl-type and Na-type 241 waters occurring in the study area (Fig. 4) , indicating a primary stage of water evolution for natural 242 waters in the Otindag, in terms of the hydrogeochemical perspective. 243
The hydrochemical facies of the studied water samples can be further illustrated by an Durov 244 diagram (Durov, 1948) and its expanded models (Lioyd and Heathcote, 1985 ; Al-Bassam et al., 1997; 245
Chadha, 1999; Al-Bassam and Khalil, 2012). All the groundwater and spring water samples in this 246 study fell into the Durov fields 1, 4 and 5 of the expanded Durov diagram (Fig. 5) . The water samples 247 in the Durov field 1 were actually same to those classified into the Piper water type 1 (Fig. 4) , while 248 samples in the Durov fields 4 and 5 were same to those of the Piper water type II (Fig. 4) any dominant anion or cation. All the groundwater and spring water samples in this study were 253 distributed close to the line of simple dissolution or mixing process. However, almost all the river and 254 lake water samples were located in the Durov field 2 and were close to the line of ion-exchange process 255 (Fig. 5) . These distribution patterns indicated that the ground waters and the surface waters had 256 experienced different geochemical processes in the formation and evolution of natural waters in the 257
Otindag. 258 259

2. The stable and radioactive isotopes of natural waters in the Otindag 260
The stable isotopes of δ 2 H and δ
18
O were analyzed for all the water samples collected in this study, 261 as shown in Table 3 At present, the extensive record of stable isotope measurements in atmospheric precipitation is 293 still absent in the Otindag, thus the decadal isotope data of atmospheric precipitation around the 294
Otindag were collected in this study to determine the isotopic relationship between the local 295 groundwater and the regional precipitation. A global database, the IAEA Global Network of Isotopes in 296 Precipitation (GNIP), is available to use in this study. Taking into account the boundary between the 297 northern hemispheric westerly and the Asian summer monsoon (Chen et al., 2010) , which are the two 298 major climate systems controlling the Otindag (Yang et al., 2013), we chose two GNIP meteorological 299 stations as the representations of the atmospheric precipitation derived from the northern hemispheric 300 westerly and the Asian summer monsoon, respectively. One is the Baotou station located to the 301 southwest of the Otindag (the westerly system), and another is the Tianjin station located to the 302 southeast of the Otindag (the Asian summer monsoon system) (Fig. 1a) (Fig. 6) . 321
Compared to the precipitation data from the GNIP Baotou and Tianjin stations and from the local 322 precipitation (p1) in the Otindag, the groundwater samples were evidently depleted in heavy stable 323 isotopes in the HSKDSL (Fig. 6) . 324
In contrast to the precipitation data, the water samples from springs and rivers in the study area 325 also showed a depletion characteristics in the stable isotopes of δ 2 H and δ 18 O (Fig. 6) . 326
The regional meteoric water line, i.e. the regional Craig line, can be statistically described as the 327 were located at the lower left area of the precipitation points (Fig. 6 ). This indicated that no deep 332 evaporation process was experienced by these ground and surface waters (except for lake waters) than 333 the precipitation. 
2. The direct recharge of groundwater in the eastern Otindag 340
Water infiltration of atmospheric precipitation through the unsaturated zone to groundwater is 341 hydrologically definied as the direct recahrge. The deuterium and oxygen isotopes are the composition 342 of water molecules and are sensitive to physical processes such as mixing and evaporation, hence they 343 are ideal tracers of the origin of groundwater (Coplen, 1993; Scanlon et al., 2006) . We used them to 344 identify the contribution of preicipitation recharge on groundwater in this study. 345
Because the annual mean precipitation amount in the semi-arid regions of northern China is 346 between 200~400 mm, it seems that the direct recharge on groundwater cannot be neglected in the 347 eastern Otindag under a semi-arid climate. However, when we checked the stable isotopic data from the 348 GNIP stations both at the Baotou and Tianjin, we observed that almost all the annual weighted mean 349 values of the stable isotope contents in precipitation were enriched in δ that rainfall events ≤5 mm in the arid and semi-arid region of northern China would be evaporated into 361 atmosphere rapidly before it is infiltrated into the groundwater system. Based on the analysis on the 362 data records from two meteorological stations around the Otindag, i.e., the Duolun station and the 363
Xilinhaote station (see Fig. 1a ), we observed that the average times of rainfall events being >20 mm in 364 amount were only 2.5-3.4 times per year (Table 4) In addition to groundwater, the river water and spring water samples in the Otindag had the 369 similar isotopic signals with those groudnwaters, and were also deviated from the modern regional 370 precipitation in the Craig diagram (Fig. 6 ). These water samples came from the Xilamulun, Shepi and 371
Tuligen rivers. They shared the same evaporation line (EL1) with the groundwater and lake water 372 samples (Fig. 6 ). Generally speaking, natural waters that have a same recharge source can be 373 distributed on a same line of evaporation in the δ 2 and δ 18 O diagram (Chen et al., 2012b ). This 374 indicated that the recharge sources of groundwater, river water, spring water and lake water in the 375
Otindag were genetically associated and were differential to the regional precipitation. During the field 376 investigation, we observed that the elevation of spring outflow was lower than that of the groundwater 377 table in some areas. This implyed that the sping water can be originated from the local phreatic water 378 2013), the modern rainfall in the desert is mainly sourced from the summer season's precipitation, with 388 rain and heat over the same period. These climatic characteristics were illustrated by the seasonal 389 distributions of the annual mean precipitation amount (Fig. 7a) , the annual mean air temperature (Fig.  390 7b) and the annual mean water vapor pressure (Fig. 7c ) over the last forty years at the two surrounding 391 GNIP weather stations in the Baotou and Tianjin. These records indicates that the summer rainfall is 392 warmer and relatively positive in the signals of δ 2 H and δ
18
O than those of the waters originated in a 393 colder environment, due to the evaporation effect on isotopic fractionation. It thus can be speculated 394 that the potential water sources of groundwater in the Otindag must be derived from waters originated 395 in a colder environment, sucha as (1) the modern precipitation in winter, (2) the palaeowater formed in 396 the past glacial period, or (3) the mountains waters with colder and wetter conditions. 397
Given the hypothsis (1) "the modern winter precipitation", we can get clues from the isotopic 398 records of winter precipitation in the Baotou and Tianjing stations. It is shown that the annual mean 399 O over the last forty years were more depleted in the winter perecipitation than in 400 the summer precipitation at the Baotou and Tianjin stations (Fig. 8a-b) . This suggested that the regional 401 winter precipitation was qualified to be a potential souce of groundwaters in the Otindag. However, the 402 limited water amount of the winter precipitation in these regions seemed to be a question towards its 403 importance as an efficient source of groundwater, because the precipitation amounts and the water 404 vapor pressures (effective moisture) in the winter months were much lower than those in the summer 405 months at both the Baotou and Tianjin stations ( Fig. 7a and 7d) . It indicated that the winter seasons in 406 these regions were relativly colder and drier but not colder and wetter. A colder-wetter pattern of winter 407 precipitation is necessary as a water source for the formation of groundwater under a summer monsoon 408 climate, because the bigger amounts of summer precipitation will easily remove or weaken the deplted 409 isotopic signals of winter prepicitation in groundwater. In view of this consideration, the modern winter 410 precipitation might not be an important souce of groundwater in the Otindag. The hypothesis (1) can be 411
neglected. 412
As to the hypothesis (2) "the palaeowaters" formed in colder and wetter periods such as the last 413 glacial", it has been proposed to be a potential water source for groundwaters in the wide arid lands of 414 the world. In fact, the depleted signals of stable isotopes (δ In order to identify the role of palaeowater recharge on groundwater in the Otindag, we used the 426 tritium data as a environmental tracer to estimate the groundwater age in the Otindag. The half life of 427 tritium is 12.43 yr. Based on this decay time and the tritium concentrations in groundwater, the 428 exponential decay equation can be used to provide a qualitative age indication to interpretate the 429 regional groundwater flow system (Ma et al., 2010) . Due to the lack of tritium data of local 430 precipitation in the Otindag, we still used the tritium data at the GNIP stations of the Baotou and 431
Tianjin as the background values in precipitation of recent years. 432 A "piston model (flow)" was used to evaluate the residence time of groundwater in aquifer and the 433 residual tritium of a water body can be calculated by N = N 0 e -λt (Yang and Williams, 2003) . Where N = 434 content of residual tritium in water sample, λ = 0.0565, the radioactive decay constant, N 0 = content of 435 tritium at the time of rainfall and t = years after precipitation. Based on this equation, the residual 436 tritium was theoretically calculated and the standard for tritium dating was established. In this study, 437 the content of tritium was measured for seven groundwater samples (Table 3) , all of which were taken 438 from the wells in the Otindag dune field. To the extent that the input function and piston model are 439
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-71 Manuscript under review for journal Hydrol. Earth Syst. Sci. Discussion started: 15 March 2018 c Author(s) 2018. CC BY 4.0 License. reasonable approximations, age of 0-60 years were obtained for these groundwater samples (Table 5) , 440 which indicated that recent recharge after the global nuclear tests had been several decade years 441 undereway. Based on the relatively high tritium contents and the calculated datings of the groundwater 442 samples in this study (Table 5) , we concluded that groundwater is generally not older than 70 years in 443 the study area. The hypothesis (2) that the groundwater were palaeowater rechared during glacial 444 period in the Otindag is not valid. 445
Both the hypotheses (1) and (2) were proved to be valid, indicating that the direct recharge is not a 446 major mechanism controlling the groundwater recharge in the Otindag. 447 448
4. The indirect recharge of groundwater in the eastern Otindag? 449
Through the above analysis, it seemed that the modern winter meteoric water was not a 450 volumetrically important source of groundwater in the Otindag, and the groundwater was not recharged 451 by palaeowaters. Thus, the third hypothesis, "the mountains waters with colder and wetter conditions", 452
should be considered as a key souce of groundwater in the Otindag. In essence, it is an indirect 453 recharge machnism, as the indirect recharge is defined as water originated from remote areas (Healy, (Fig. 9) . As a result, all of these samples fell on or lied near the 467 evaporation line EL2 in the Craig diragram (Fig. 9) , with a regression equation δ (Fig. 9) gave us a possible idea that the groundwate in the Otindag might be 480 sourced from the river water in the Dali Basin, since the Dali has more depleted isotopic signals in 481 water than the Otindag (Fig. 9) . 482
Regarding to the topographical gradient of the elevations between the two regions, however, river 483 water in the Dali Basin can't flow into the eastern Otindag, because the terrain elevation of the Dali 484
Basin is lower than that of the Otindag (Fig. 1) . This is also the reason why the huge Dali Lake is 485 formed in the Dali Basin but not in the Otindag (Fig. 1) . If there is a hydraulic linkage between the two 486 regions, water should flow from the Otindag into the the Dali, but not conversely. 487
A hypothesis that water flows from the Otindag into the Dali Lake has also been proposed by 488
Yang et al. (2015) . They argued that a mega-palaeolake in Dali, who was almost twice the size of the 489 present Dali Lake in area, was recharged by river systems to its south in the Otindag ca. 4,200 years 490 ago. After that, due to the monsoonal regions being experienced catastrophic precipitation decreasing 491 and the groundwater in Otindag being sapped and captured by the Xilamulun River flowing eastward, 492 the Otindag's water was no longer recharging the megalake Dali and left a palaeo-channel between the 493 two regions (Fig. 2) . Since then the connection between surface waters in the two regions was broken. 494
In view of the hydraulic gradient, river water in the Dali Basin could not be a recharge source for 495 groundwater in the Otindag. However, in view of the isotopic gradients, groundwater in the Otindag 496 could not conversely be the source of river water in the Dali at present, due to the more depleted values 497 of deuterium and oxygen-18 in Dali than in Otindag (Fig. 9) . Thus, the similar isotopic signals between 498 the river water in Dali and the groundwater in Otindag indicated that these waters might be recharged 499 from a common souce. 500 501
4. 2. Linkage of groundwaters between the Otindag and the Dali 502
Similar isotopic signals also occurred in the groundwaters between the Otindag and the Dali Basin 503 (Fig. 9) . The linkage of groundwaters between the two regions is still unknown at present. In order to 504 answer this question, we need to know the potential movement of groundwater in the transition zone of 505 the two regions. 506
Due to the difficult to directly observe groundwater movement along its hydraulic gradient under 507 ground, inert isotopic and hydrochemical tracers are often used to identify groundwater movement 508 (Nakaya et al., 2007), such as chloride, TDS and H-O isotopes, which were used as environmental 509 fingerprints to indicate groundwater movement in arid land (Yang and Williams, 2003) . In a theoretical 510 line of groundwater evolution, the chloride in water is readily removed from matrix materials rather 511 than being precipitated due to its high solubility, thus chloride concentrations tend to be increased with 512 the increasing of the flow path's length and residence time of groundwater (Lioyd and Heathcote, 513 1985) . The TDS has a similar trend with chloride in groundwater evolution, but its tendency might be 514 disturbed due to potential precipitation of certain ions when reaching their saturation conditions. 515
According to the salination classification of water, all the groundwater samples collected in this study 516 were fresh water in type (TDS < 1000 mg/L). Thus evident precipitation of major ions could be weak 517 in the Otindag groundwaters. 518
In this study, a groundwater-sampling project was designed in field along an N-S section of a 519 palaeo-channel located at the transition zone between the Dali and Otindag (Figs. 1, 2) . The channel is 520 located near the south distal reach of the Xilamulun River and was named "PCSX" in this study. The 521 north part of the channel, named as NPCSX, is located at the riverhead of the Xilamulun River and the 522 south part (SPCSX) is close to the eastern margin of the Yinshan Mountains (Figs. 1, 2) . 523
Regarding to the topographical gradient in the Otindag, the GPS elevation of the northernmost 524 sampling site in the NPCSX (g11, about 1317 m a.s.l.) was much lower than that of the southernmost 525 site in the SPCSX (g1, 1396 m a.s.l.) (Fig. 2 and Table 1) . It is about an 80-meter drop between the 526 NPCSX and the SPCSX. Under such slope, the underground hydraulic gradient for groundwater flow 527 can be roughly parallel with that of the surface water flow, namely that the groundwater flow should 528 move downwards from the SPCSX area to the NPCSX area. Thus we can speculate that groundwater in 529 the NPCSX would have higher values of chloride and TDS in concentration than those in the SPCSX, 530 if the groundwater was flowing from the SPCSX to the NPCSX. 531
In order to check up this speculation, the actual variations of the environmental tracers (chloride 532 and TDS) were detected along the PCSX section. The sampling site g1 was defined as the initial point 533 and the distances between g1 and other sampling sites along the PCSX section were calculated, based 534 on their GPS geographical coordinate records measured in the field. The results were shown in Fig. 10 . 535
It was very clear that the variations of chloride and TDS concentrations in groundwater did not increase 536
along the palaeo-channel from south to north (Fig. 10) . On the contrary, both the values of chloride and 537 TDS were lower in the NPCSX area than those in the SPCSX area. Such kind of spatial variations in 538 the chloride and TDS values was contradicted to the speculated patterns abovementioned, suggesting a 539 complicated movement of groundwater in the study area. It also indicated that the hydraulic linkage 540 was weak in the groundwaters between the NPCSX and SPCSX areas. 541
The stable and radioactive isotopic data were also used here as tracers to differentiate the 542 groundwaters between the two regions. Before we use the stable isotopic signals, however, it is 543 necessary to think about the effect of evaporation process on the fractionation of stable isotopes. 544
During the evaporation process, dissolved chloride, the conservative ion, will be enriched along with 545 the heavy isotopes, which is manifested as a correlation between the chloride concentration and the 546 deuterium content in groundwater (Sklash and Mwangi, 1991; Taylor and Howard, 1996) . Based on 547 this consideration, a bivariate diagram was built using the chloride and deuterium data of the 548 groundwater samples in this study, as shown in Fig. 11 . The Groundwater samples from the PCSX 549 section showed a very weak correlation between the chloride and deuterium (Fig. 11) . This indicated 550 that the groundwaters studied were not affected by evapotation process in a deep degree. 551
Compared between the NPCSX and SPCSX regions, the stable isotopic values (δ 18 O and δ 2 H) of 552 groundwaters in the SPCSX region varied greatly with a large amplitude, while those in the NPCSX 553 were relatively constant (Fig. 12) . This indicated that the recharge sources of groundwater in the 554 SPCSX were diversity than those in the NPCSX. The constant variations indicated that the recharge 555 source of groundwater in the NPCSX is relatively unitary. The isotopic values in the SPCSX were 556 much lighter than those in the NPCSX along the distance section from south to north (Fig. 12) . The 557 heaviest valuses occurred in the sample g11 collected from the NPCSX (Fig. 12) , indicating a water 558 being firsthand recharged. The spring water sample s2, a representation of discharge water, was 559
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-71 Manuscript under review for journal Hydrol. Earth Syst. Sci. groundwaters also showed such spatial patterns in the two regions (Fig. 13) . These results indicated 561 that the groundwaters in the SPCSX area, with relatively enriched isotopic signals in δ 2 H and δ 18 O than 562 those in the NPCSX area, were an mixture of the groundwaters in the NPCSX and other waters, thus 563 resulting in the spring water sample s2 in the discharge zone being characterized by an intermediate 564 isotopic signal (Figs. 12, 13) . A similar case was also observed by Abdalla (2009) , who reported that 565 the isotopic compositions had decreased progressively along a regional-scale flow path of groundwater 566 in the semi-arid central Sudan, because of the mixture of groundwaters between the heavier-isotope 567 recharged and the lighter-isotope recharged. 568
In addition to stable isotopes, the tritium contents were broadly positively related to the values of 569 deuterium excess in the groundwater samples in the PCSX section (Fig. 14a) O (Dansgaard, 1964) , is controlled primarily by 571 the mean relative humidity of the air masses formed above the water surface (Merlivat and Jouzel, 572 1979) and generally reflects the rate of evaporation process experienced during the flowing paths 573 (Dansgaard, 1964) . For a water experienced evaporation process, the d-excess value will increase in the 574 evaporated water vapor, but will decrease in the residual water body. In this study, except for sample 575 g11 (a sample very close to the riverhead area), the positive relationship between the tritium and the 576 deuterium excess generally showed that the d-excess values were higher in the groundwaters collected 577 from the NPCSX, but were lower in those from the SPCSX (Fig. 14a) . The distribution pattern 578 indicated that the groundwaters in the NPCSX were relatively younger and had experienced less degree 579 of evaporation than those in the SPCSX. The d-excess gradient, increasing from the south to north in 580 the PCSX, further confirmed that groundwater did not flow from the SPCSX area to the NPCSX area. 581
In Fig. 14b , the tritium contents of groundwater increased while the TDS decreased from the south 582 to north in the PCSX (Fig. 14b) . This distribution pattern of the two environmental tracers further 583 proved that the groundwaters in the NPCSX were younger and fresher than those in the SPCSX. The 584 reason why the older gourndwate has a higher TDS value can be attributed to the fact that most 585 minerals dissolve slowly in aquifer and the older groundwater have more contacting time to act 586 between water solution and soluble minerals, leading to a higher TDS (Fitts, 2002) . Many studies (e.g., 
Mountains: 596
The discussions above indicated that groundwater in the eastern Otindag has a close relationship 597 with river water in the Dali Basin in terms of the isotopic perspective, and both the river water and 598 groundwater in the two regions might be recharged from a common source derived from other place. 599
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-71 Manuscript under review for journal Hydrol. Earth Syst. Sci. Mountains in Chinese term, 1,100-1,400 m above seal level) (Fig. 1) . The Xilamulun River, 380 km in 608 length and 32.54×10 3 km 2 in area, is a neighboring river both to the southeastern Dali and to the 609 northeastern Otindag (Figs. 1 and 2 ). It carries a large amount of water (about 6.58×10 8 m 3 /y) from the 610
Daxinganling Mountains flowing through the east margins of the Dali and Otindag (Wu et al., 2014) . 611
This is an important clue linking groundwaters in the northeastern Otindag and the river waters and 612 groundwaters in the Dali. 613
Variation of the elevation from the Dali Lake to the riverhead of the Xilamulun River can be 614 clearly found along a land surface topographical section (Fig. 15) water from these rivers can recharge the desert land through thick unconsolidated aquifers (Fig. 15) . A 620 strong isotopic evidence is that the lake and river waters in the Dali Basin share the same evaporation 621 line (EL2) with the groundwaters in the PCSX area. Although groundwaters in the SPCSX area were 622 different from those in the NPCSX area, their isotopic data points still fell onto the EL2, which further 623 indicated that the groundwaters in the SPCSX were a mixture of waters from the Daxinganling 624
Mountain and other source. 625
Another source for groundwater recharge in the SPCSX can be speculated to flash floods derived 626 from the north Yinshan Mountains (Fig. 1) , because it can be clearly observed from digitial maps that 627 many transient rivers or streams originated from the Yinshan Mountrains flow into the south and 628 southeastern Otindag (Fig. 1) 
SPCSX area. 652
In general, the above analyses revealed that the highland water resources from the Daxing'Anling 653
and Yinshan Mountains were isotopically and geochemically traced to be a major source for the 654 groundwater in the Otindag. It means that the modern indirect recharge mechanism, instead of the 655 direct recharge and the palaeowater recharge, is responsible for groudnwater recharge in the desert land 656 in northern China. This implies that the tectoic settings, but not the climate control, was significant for 657 the groundwater origin in the Otindag. 658 659
Conclusions 660
Water resources in arid lands of the world are generally scarce and highly uncertain. In the 661 middle-latitude desert zone of northern China, however, many deserts are unexpectedly rich in 662 incommensurate groundwater resources, such as the Otindag and the Badanjilin Deserts, although they 663 have been under an arid or hyper-arid climate for a long geological period. How the groundwaters are 664 originated and recharged in a desert environment are thus becaming a key question longtime ago, but it 665 is still under an endless debate at present in the acadamic circle. For some of the earth scientists, the 666 direct recharge is thought to be very important for groundwaters in the wide desert lands of northern 667
China, due to lack of surface runoffs. However, the groundwater availability is very much as function 668 of the local-and regional-scale geological and climatic components. Integrated understanding of the 669 groundwater recharge and their controlling mechanism is of great significance. In this study, an effort 670 to explore the groundwater recharge was carried out using multiple environmental tracers in the eastern 671
Otindag of northern China, where is under the control of the East Asian Summer Monsoon (EASM) 672
climate. The results showed that (1), the natural waters in the study area were fresh water (TDS < 1000 673 mg/L) and were neutral to slightly alkaline. The major water types were the Ca-HCO 3 and Ca/Mg-SO 4 . 674
There were no Cl-type and Na-type waters occurring in the study area, indicating a primary stage of 675 water evolution in terms of the hydrogeochemical perspective. (2) Compared to the modern summer 676 precipitation, the groundwaters, river waters and spring waters were depleted in δ 2 H and δ
18
O, while 677 the lake waters were enriched in δ 2 H and δ
O. All these waters, however, shared a same line of 678 evaporation in the Craig diagram, indicating a genetic relationship on their recharge sources. The more 679 depleted stable isotopic signals in the groundwaters than those in the modern summer precipitation 680 suggested that the groundwaters studied could only be sourced from a colder water other than the 681 EASM precipitation. The contribution from local winter precipitation was very small due to its weak 682 rainfall effect. The high contents (5-25 TU) of tritium in these groundwaters indicated that they were 683 young and could not be recharged by palaeowaters formed during the past glacial periods. 
